Abstract: The design of carbon-based materials with ah igh mass density and large porosity has always been achallenging goal, since they fulfill the demands of next-generation supercapacitors and other electrochemical devices.W ereport anew class of high-density heteroatom-doped porous carbon that can be used as an aqueous-based supercapacitor material. The material was synthesized by an in situ dehalogenation reaction between ah alogenated conjugated diene and nitrogen-containing nucleophiles.U nder the given conditions,p yridinium salts can only continue to perform the dehalogenation if there is residue water remaining from the starting materials.T he obtained carbon materials are highly doped by various heteroatoms,l eading to high densities,a bundant multimodal pores,a nd an excellent volumetric capacitive performance. Porous carbon tri-doped with nitrogen, phosphorous,a nd oxygen exhibits ah igh packing density (2.13 gcm À3 )a nd an exceptional volumetric energy density (36.8 Wh L À1 )i na lkaline electrolytes,m aking it competitive to even some Ni-MH cells.
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Owing to the fast charging/discharging kinetics,s uperior power density,a nd stable cycling characteristics,c arbonbased supercapacitors (CSCs) are very promising for electrochemical energy storage (EES) [1] usage and have been regarded as complementary alternatives [2] to rechargeable batteries.H owever,t he relatively poor energy density, especially the volumetric energy density,o fC SCs is at least one order of magnitude lower than that of conventional batteries.T his has largely precluded the widespread application of CSCs in compact and portable EES devices. [3] To address this issue,considerable efforts have been made in the development of nanostructured carbon materials that improve the volumetric capacitance of supercapacitors. [4] Encouraging results include porous activated carbon, [5] mesoporous carbon, [6] carbide-derived carbon, [7] carbon nanotubes, [8] carbon nanofibers, [9] carbon nanocages, [10] graphene materials, [1] porous carbon/graphene hybrids, [11, 12] polyaniline/ graphene composites, [13] and heteroatom-doped carbon (HDC). [14] [15] [16] [17] [18] Among these,HDC is one of the most promising energy storage materials for supercapacitors (SCs), which is attributed to the heteroatom-derived extra pseudocapacitance [17] and enhanced electrode-electrolyte interaction caused by the change in the electron-transfer properties of the carbon materials. [2] In principle,c arbon-based porous materials generally possess low densities,which results in quite low capacitances and energy densities. [5] [6] [7] [8] [9] [10] [11] [12] Commercially available porous activated carbon electrodes [19] typically deliver al ow gravimetric capacitance of 80-120 Fg À1 and an energy density of 4-5Whkg À1 .Although compressed packing is beneficial for the volumetric density,o vercompression will destroy the pore structures and thus lead to slow ion diffusion into the internal regions,r esulting in ap oor volumetric performance. [20] To tackle the existing difficulties,t he direct introduction of heavier elements into the carbon matrix has been considered as an efficient way for an enhanced natural density as well as better volumetric capacitance. [21, 22] Recently,awide range of heteroatom (for example,N,O,S,P ,orF)mono-and/or multidoped carbon materials have been reported to show an improvement in the volumetric energy density.Many studies have followed the above routines by controlling the types of heteroatom doping and balancing the doping contents, [14] [15] [16] expecting an ew design and high volumetric performance of HDCs for next-generation CSCs.
However,t or ealize the large-scale application of HDCs for EES,the heteroatom doping,the volumetric capacity,and hence the energy density of CSCs need to be improved further. [23] Additionally,n ot only does the performance need to be enhanced, but also the high-throughput production of HDCs with ah igh volumetric capacity has to be achieved at alow cost. It is still challenging to control the microstructure of carbon materials and distribution of doped atoms. [16] Herein, we report an unconventional and high-throughput approach to synthesize multiple heteroatom-doped porous carbon materials with ultrahigh packing density and high volumetric energy densities compared to currently available carbon-based aqueous SCs.
As shown in Scheme 1, the synthesis of heteroatom-doped carbon involves an electrophilic substitution between hexachlorobutadiene (HCBD) and pyridine (Py) to form the pentachlorobutadienyl pyridinium salt (PPS). DFT calculations revealed that PPS can undergo addition and substitution reactions with H 2 O, thus forming azwiterionic species,akey intermediate for further self-polymerization. It is worth noting that atrace amount of residue water is vitally essential for the dehalogenation reactions.H owever,n oe xcessive amount of water is required due to the amount present in the starting materials being sufficient to facilitate the selfpolymerization in our case:Moisture measurements revealed aw ater content in HCBD and Py of 0.16 %a nd 0.79 %, respectively.
As shown in Figure 1a ,l ayered polymer Ac ould be obtained via self-polymerization, while subsequent calcination produced N-and O-doped porous carbon plates (PyNOPCs). Intriguingly,i nt he presence of hexachlorocyclotriphosphazene (HCCP), N-, P-and O-doped porous carbon spheres (NPOPCs) were obtained. Figure 1cshows ascanning electron microscopy (SEM) image of the NPOPCs after ball milling, which produces uniformly distributed smooth spherical microstructures.Ahigh-resolution transmission electron microscopy (HR-TEM) image of an individual ultra-microtome carbon microsphere shows the presence of al arge number of pore structures inside the sphere (Figure 1d ). The energy dispersive spectroscopy (EDS) mapping revealed au niform distribution of O, N, and Pd opants over the carbon microspheres (Figure 1g ).
An XPS spectrum of the NPOPCs can be seen in Figure 2b ,s howing four peaks at 133.0 eV,2 84.6 eV, 400.1 eV,a nd 532.0 eV,a ttributable to phosphorus (P 2p, 7.06 at %), carbon (C 1s,7 2.40 at %), nitrogen (N 1s, 9.94 at %), and oxygen (O 1s,1 0.61 at %), respectively.T he inset of Figure S5d (Supporting Information) shows that the peaks at 132.6 and 133.0 eV can be assigned to P À Oand P À N groups,respectively,which are highly attractive for CSCs with possible pseudocapacitance. [21, 24] Theh igh-resolution N1s XPS spectrum can be deconvoluted into three peaks at 398.3, 400.0, and 403.8 eV (Figure 2c ), corresponding to pyridinic,g raphitic and oxidized N, respectively.I ti sworth noting that the graphitic Nand pyridinic Ncontribute to more than 93 %o fa ll Nc ontent, which is beneficial for the improvement of the electrochemical performance of NPOPCs. [23] TheC1s and O1sspectra (Supporting Information, Figure S5a ,b) also reveal the presence of asmall amount of C À Oa nd O = C À Os pecies,w hich also offer pseudocapacitance. [17] TheX -ray diffraction (XRD) patterns of both carbon materials display two broad diffraction peaks at about 25.28 8 and 42.58 8 corresponding to the (002) and (100) planes of graphite,r espectively.B ye levating the heteroatom-doping content, the peaks become wider and shift towards smaller angles,a ss een in Figure 2a ,i ndicating that the amount of defects and interlamellar d-spacing in the carbon framework increase.R aman spectra in Figure S6 (Supporting Information) also confirm an abundance of defects.T he area ratio of Dand Gbands (A D /A G )inthe Raman spectra of the NPOPCs and Py-NOPCs is higher than 1, indicating that Pa nd/or N doping induces significant defects,which are favorable for the electrochemical performance. [6, 9, 13] Figure 2e depicts the N 2 adsorption isotherm for the PyNOPCs and NPOPCs,showing combined type-I/IV isotherms according to the new classification of IUPAC.
[24] Asignificant CO 2 uptake at ar elative pressure of P/P 0 < 0.1 confirms the high microporosity (ca. 0.6 nm and 1.5 nm) for NPOPCs and ad istinct type-II triangular hysteresis suggests the existence of mesopores (4 nm) based on N 2 uptake at arelative pressure of P/P 0 > 0.3. TheB runauer-Emmett-Teller (BET) specific surface area (SSA) was calculated to be 429.7 m 2 g À1 with ap ore volume of 0.232 cm 3 g
À1
.I nc ontrast, the Py-NOPCs exhibited additional macropore structures,w hich suggests that phosphorus doping inhibits the formation of pyridinic nitrogen (Figure 2c)a nd macropore structures (Figure 2d) . Thep acking density of the NPOPCs was determined to be 2.13 gcm À3 (Figure 2f ), which is higher than that of all other known porous carbon materials (Supporting Information, Table S7 ) and comparable to pyrolytic graphite (2.25 gcm À3 ), making it an attractive candidate for achieving high volumetric performance in SCs.S uch ah igh density was further supported by as imple demonstration that NPOPCs precipitate in iodoethane,which has adensity of 1.95 gcm À3 (inset in Figure 2f ).
Thee lectrochemical properties of the as-prepared NPOPCs were then evaluated by cyclic voltammetry (CV) tests in different electrolyte solutions (that is,6m KOH, 0.5 m H 2 SO 4 ,a nd 0.5 m Na 2 SO 4 ). It was found that pronounced redox peaks appear in acidic electrolytes at as can rate of 10 mV s À1 (Figure 3a) , which are indicatives of the pseudocapacitance of the NPOPCs caused by the heteroatom doping (that is,Na nd P). [16, 23] À3 at 1Ag À1 in 6 m KOH, both of which are higher than those of the Py-NOPCs (Figure 3e ). In alkaline (that is, 6 m KOH) electrolyte,i ti sp ossible to both enlarge the electrochemical window for the NPOPCs electrodes from 1.0 Vto1.5 V (Figure 3b )and increase the charge-discharge current density from 40 Ag À1 to 80 Ag À1 (Supporting Information, Figure S7 ).
As imple comparison of the Nyquist plots (measured by electrochemical impedance spectroscopy (EIS)) for the PyNOPCs and NPOPCs electrodes in 6 m KOHi ndicates the lowest equivalent series resistance of about 1.2 W for the NPOPCs (Figure 3f ), suggesting nearly ideal capacitive behavior. Thep hase angles of the Py-NOPC electrodes at relatively low frequencies are larger than 458 8,c onfirming ac apacitive behavior even at fast rates. [1] More specifically, the frequency f 0 at ap hase angle of 458 8 is 1.2 Hz for the NPOPCs,w here the resistance and reluctance have an equal magnitude,c orresponding to ar elaxation time t 0 (1/f 0 )o f 0.83 s, which is faster than those of the Py-NOPCs (1.1 s). It is also worth noting that the charge-transfer resistance of the NPOPCs is directly controlled by diffusion, indicating that the outstanding rate capability of the NPOPC electrodes in alkaline electrolytes is due to synergistic effects associated with both the O-, N-, and P-heteroatom doping and the interconnected nature of the microspheres.Compared to the capacitance in an acidic electrolyte (Supporting Information, Figure S8 ), the enhancement of the capacitance at am uch higher discharge current density in 6 m KOHcould be due to the fact that OH À ,which has arelatively small ionic radius,is more suitable for efficient ion transfer in the interior of the NPOPC-micropores than SO 4 2À in the acidic electrolyte. However,i ts hould also be noted that NPOPCs and PyNOPCs exhibit higher capacities at al ow frequencyi nt he acidic electrolyte than in alkaline electrolyte (Supporting Information, Figures S7-S10 ), which can be attributed to the reversible reactions of PÀO, PÀN, CÀO, and CÀNgroups with protons,i ntroducing the pseuocapacitance. [16, 23] Thec apacity of the NPOPCs dropped rapidly at 6Hzand reached 0.05 Fat (0.035 Fat1 0Hz). [1] Regarding practical applications in CSCs,i ti sh ighly desirable to develop nanomaterial electrodes with both high avolumetric capacitance and energy density,which, however, remains as ignificant challenge.I nt his work, the NPOPCs were found to show an unprecedented high aqueous capacitive performance with an ultrahigh three-electrode volumetric capacitance (760 Fcm À3 )and asymmetrical two-electrode energy density (36.8 Wh L À1 )i na lkaline electrolytes,w hich, to the best of our knowledge,i ss uperior to all carbon materials reported in literature to date (Figure 3g) . Furthermore,the specific capacitance of NPOPCs retained 98 %ofits initial value even after 60 000 cycles (Figure 3h )a nd the NPOPC electrode displayed aC oulomb efficiency of nearly 100 %f or each charge-discharge cycle,u nambiguously manifesting its high reversibility.Ascan be seen, NPOPCs display am uch better performance than electrodes based on other carbon materials.
TheN POPCs were also used as cathode-and-anode electrodes at ah igh mass loading of 3.24 mg cm À2 in as ymmetric electrochemical cell (that is,aNPOPC//NPOPC cell) for CV and CC tests in 6 m KOH( Supporting Information, Figure S10 ). Ther ectangular shaped CV curves were maintained with almost no distortion even at high scan rate of 100 mV s À1 ,c learly indicating ah ighly capacitive nature and as mall equivalent series resistance with rapid chargingdischarging features.The symmetric cell also demonstrated an impressive volumetric specific capacitance of 628.8 Fcm
À3
(295.2 Fg À1 ). Moreover,t he NPOPC electrode showed ar emarkably improved performance over the Py-NOPCs electrode,i ndicating the importance of Pd oping for the enhancement of the capacitive performance (Supporting Information, Table S12 ).
Thea dvantage of the NPOPC electrodes over other battery and SC materials is further highlighted in plots of the specific energy vs.the power (Ragone plots; Figure 3i, (Figure 3j ), which is close to other related carbon materials. [1] As far as we are aware,the volumetric energy density of 36.8 Wh L À1 of the symmetric cell based on the NPOPC electrodes is the highest volumetric energy density reported for carbon materials in aqueous electrolytes so far.T his record-breaking performance and large operating voltage window can be attributed to the pseudocapacitive reaction induced by heteroatom doping in NPOPCs. [16] In summary,t he fabrication of Py-NOPCs and NPOPCs with high density,u ltrahigh volumetric capacitance and energy density was achieved by an unconventional polymerderived strategy and ah igh-throughput synthetic method resulting in the production of multiple heteroatom-doped carbon materials.C ombined experimental and theoretical studies elucidated the reaction mechanism that underpins the formation of polyether-type polyelectrolytes. À1 in 6 m KOH. e) Volumetric specific capacitance vs. current density plots in an alkaline electrolyte. f) Complex-plane plots of the AC impedance. g) Volumetric specific capacitance vs. energy density for different materials (details can be seen in the SupportingInformation, Table S10 ). h) Cycling performance of NPOPCs in 6 m KOH at acurrent density of 10 Ag À1 (inset:C ycling performance at acurrent density of 0.5 Ag À1 ). i) Ragone plots of symmetric NPOPC devices in 6 m KOH in comparison to standard devices such as SCs, [25] lead-acid batteries, [26] and nickel metal-hydride batteries. [22] Data counting the electrode mass only are shown as open symbols. j) Ragone plots regardingt he gravimetric energy density of symmetricNPOPC devices in 6 m KOH as well as the standard devices noted above. Dotted gray lines denote the current drain time, calculated by dividing the specific energy by the specific power.
respectively,a pproaching those values for Ni-MH cells.T he ability to develop as imple,v iable,a nd efficient route to heteroatom-doped carbon materials that simultaneously achieve high specific power and energy,a sd emonstrated in this work, would render carbon-based SCs potentially highly competitive against commercial batteries.A long with SCs, this new class of multiple heteroatom-doped porous carbon materials should be also attractive for many other applications,i ncluding fuel cells,b atteries,a nd gas storage systems.
